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ALL-OPTICAL INTERCONNECT UTILIZING POLARIZATION GATES 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention relates to the switching and routing of 
optical signals fir telecc-minuni canons and optical computing 
ap'plicatiins . More particularly, tne invention relates to 
an array of polarizing reflectors and programmable phase 
retarders arranged to couple N optical input signals to any 
ci'mbinati'in i^f N output IC'Catic^ns. 

2 . Backgriiund I nf o^rmat icri 

Throughi'Ut this appl i cat i'ln, various publications, 
parens and patent applications are referred to by an 
loentifying citation. The disclosures of the publicat i :>ns , 
patents and patent applicatims referen:ed m this 
application are nereby incorporated by reference into the 
pu^esent di sclosure . 

High-sp^eed iptical interconnections promise to play a 
major role in the develi-pment if national and global 
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information mf ras r ructure , a? applications such as super- 
computing, teieconr.unicat ions switching and military C^^I rely 
or. the ability to route data at increasingly high tat rates. 
Fesearch and oevelc'pment if h^gh-bit-rate optical switches has 
oeen ):ursued worli.iwide. The Japanese government has fundeo 
research in mult i -gigabit-per-second optical switches, an^:; 
"■jsnita Cc-rporati'Ti has demms tratea a 155 I^BIT per-secon':l 
(:.4>:o4 ATM switch. Such cnrioighput is sufficient rl^r many of 
t^jday's applicaticns, and is comparable to the performance 
::.n-:r: may oe a:nie"ei using electronic switching. H-iwever, the 
electronics reguiied to implement these switches bee^omes 
r -^rti :^:larly liiffo^ult as tne number HVj :f input / output ports 
i:o::reases, i.e. :is M appr^iaches or exceeds 64. In addition, 
tne relatio/ely laL':je bandwidtn of optical fibers (:ieneralJy 
three orders if magnitude greater than that c>f similar 

ameter t-iaxi.al -raoles i nas not been fully exploited due to 
the lack of all-iptical switches capable ot ri^uting terabit- 
per-second data streams. 

SomiO :jf the m:jso c-immonly utilized inte rconne^tt s in 
riDer-ciptic nerworKS are 'jpO'ielecoronic devices. These 
switcries si-nvert optical, input signals to electrical signals 
oy use ot a photodetector/ preamplifier /amplifier array. These 
tjn-^erted signals are tnen typically routeil electronically to 
a dioie laser array which regenerates the optical signals. 
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Because the rcuting is performed electrc nically , the channel 
bandv/icith in this technique is limited by the bandwidth of the 
switching elo:i:trcnics, whicn m theory may apprctach 62 0 MHZ, 
tut tends to l^e on the order of 150 - 200 MHZ. In addition, 
once the optional signal is converted into an electronic 
signal, it beco'mes susceptible to electrical crosstalk, 
electromagnetic interference (EMI) noise, anil transmission 
line-type O'r-: o agat ii^n ijelays. 

Ti' overcome these bandwidth 1 :mi ta 1 1 'Ons , several all- 
optiral switches have been designed and are co'iriiue rci al ly 
avaiLa;jle. Tnese devices do not require conversion of the 
ipti:al signai, and are therefore able ti acci^mmodate 
relatively hign data rates. Being free fro-m the o^andwidch 
limitatii-ns if c invent i'lna i elect rinic devices, such all- 
opti:a:. switiiies may acc ommoilate terabi t-per-se oond data 
streams to- avoid being a bottlenec'i in all-fiber-optic 
networks. Too approaches utilized ti pri^vide such devises are 
varied, mo-st including mechanical and/or polarization based 
techniques . 

One example of sucn a device, iricia^ies .^iu iuLeicuiiueuL 
available from Ootivision, Inc., of Palo Alto, CA. Tnis 
device utilizes semiconductor optical amplifiers (SDA'Si in a 
matrix-vector architecture to achieve high speed switching. 
This system, however, requires optical amplification to 
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ccmpensate for internal losses, is relatively bulky, and is 
lini^:.ed to eight I.'O pCTts. 

An example of an opto-mechanica 1 optica: interconnect is 
ci-miercia 1 ly availatle fri-m Astarte Networks, Inc. In 
operation, light fr-im each input fiber is co l.limated with a 
lens and is steereid to its proper des: inac i-in with a 
piezr,electrically-act ivated mirror. At the output ports, the 
lij::lc: is coupled into fibers by use -if an<:'ther set -if lenses. 
V^ii.A.e this device exhibits a relatively large (free-space) 
bandwidth, its mechanical nature introduces several 
s i ;ir: i. f leant :iraw]:a::ks. One drawback -tf sucn a mei:nanical 
devi ::e is its relatively slow recent iguratl:ii time, of 
~:oor jxim^te Ly 5Cm3. In adoition, use of t lezoelect rically 
activated mimrs tends to inake this switcn pa t^t icular 1 y 
s:.S':ept ible t'l mechanical perturbations, vibrations, etc. 
Tr.ese 1 imitat, i ins nay be somewhat alleviate:! oy a system of 
tracking servts, h-jwever such a stabblizat ion system 
disadvantageously tends to oe relatively complex. 

Polarization eased switches operate by use of 
p:) L.;) ri zdti ju :;at-:.!S. 5ucn j-vices .--n^i ^o robust, 
mechanically stable, and may achieve mici'isecond (or faster) 
recent igur ati'jn times. These devices, however, have been 
based on relatively cumbersome netw^irk archi te ztures , making 
them impractical and difficult to scale to a system with a 
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relatively high number of I/O ports. Moreover, these de^Mces 
have unequal p)athlenaths between various I/O pc^rts thus 
exhib'it^nq non-constant latency, differing levels of signal 
attenuat i<.:)n and a skewed cutp-uo data stream. Thus, a need 
exists t a high-speed, comf-act, high-capacity, and rooust 
all-optical interconnect device having a constant signal 
patnlengtn for al^ I ' C) pe rmut at lens . 



SUMMARY OF THE INVENTION 



According to a first aspect of this invention, an c-ptical 
switichlng element includes a polarizer which is adapted to 
reci'ive e loot rc-magne t ic energy in'ndent tnerecri frc)m at least 
twc input paths, and is adapted t: transmit electromagnetic 
energy abmg at least two lutp-ut paths. The switcning element 
als.? mtluoes at least cne phase shifter disp-ised within tne 
inpjt paths, tne p-hase snifter being selectively actuatable to 
pass electromagnetic energy tnerethrough alternately witn and 
without shifting the phase the re if. 

In an'ither aspect of the invention, an optical 
int erci'nnec^t deviie is prividei fir selectively 

interconnecting a plurality of electromagnetic signals between 
a p)]urality of inputs and a plurality of outp'uts. The optical 
intercinnect devi-ie includes a plurality of ip'tical switching 
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elements of the a torement ioned first aspect cf the invention, 
and a plurality of all-optical signal paths extending between 
the plurality <if inputs and the plurality of outputs. The 
plurality of a 1 1 -cpt leal signal paths includes the at least 
two input paths a!o:i the at least twij output paths of the 
optical switching elements. 

In a furtner- aspect of the invention, a method is 
provided f:r sele::ively interconnecting a plurality of 
electromagnetic signals between a plurality of inputs and a 
plurality of cutputs. The methid includes the steps of: 

(a) pr'jvi.dirg a pijlarizer adapted to receive the 
plurality of electromagnetic signals incident 
tnerein frici at least two input paths, f:nd t-: 
transmiit the plurality ot elect romagnet i.-:: signals 

aling i-.z least two -output paths; 

(b) disrcis mcf at least -ine phase shifter 
within tne at least two input paths, the at 

least ooo poaso snifter r:'eing selectively 
actuatable to pass electromagnetic signals 

L- . 1 C: ^ L .. . L U -1 L 1 U -L U J- 1 1 Ci L. -L VV X L. 1 i ■ J i 1 -X J_ L. i i 

shifting tne phase thereof; and 

(c) selectively astuating the at least one phase 
sni f ter . 

The above and other features and advantages of this 
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invention will be n'.cre readily apparent from a reading of the 
following detailed aescription of various aspects of the 
mventiijn i.:aken in conjunction with the accompanying drawings. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a partially schematic representaticn of an 
C'ptical 4x1 switch of the pricr art; 

Fig. 2 is a partially schematic representation -if another 
'jpcical 4x4 switch if the pri^ir art; 

Fill. ':-A is a partial.': y schematic representation of a 2x2 
switih element of th-^ present invention; 

Fig. lE'. is a tdock diagram of the 2x2 switch element of 
Fig. 3A; 

Fig. 4 IS a tliik diagram of a 4x4 switch of the present 
inventiiin; 

Fig. t is a partially srnemati:: representat I'Cn if an 
embodiment of the 4x4 switch ot Fig. 4; 

Fi'.;. o is a i^cxi tidily scnejiidi i^^: lepi'^'senLa li-jii 'ji an 
other embodiment c^f the 4x4 switch of Fig. 5; , 

Fiq. 7 is a t^Jock diagram of one embodiment 'if an 8x8 
switih of the present invent i'On; 

Fig. 0 is a piartially schematic representat ic-n -if the 
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switch ijt Fig. 7; 

Fig. 9 is a biock diagram of an other embodiment of an 
8x8 switch C'f the present invention; 

Fig, 10 is a partially schematic rep^resent a t ion of the 
switch -jf Fig. 9; 

Fii, 11 is a tlC'Ck diagram of a further embodiment of an 
3x8 switi^h L-f the f-resent i.nvent i 'jn ; 

Fi?. 1.' is a partially schematic representation of the 
switch of Fig. 11; 

Fio. 1: is a partially schematic rep)resenta t i-i n of an 
embodiment -jf a 16xl':i swit':.:h C'f the present invention; and 

Fig. 14 is a h-lock diagram of an mtercjnnect system, 
includirig an NxN switch -if the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring to the figures set forth in tne aecompanying 
Drawings, the illustracive emoodi.ments i-f the present 
invention will be described in detail hereinbeiow. F^^r 

■^IdLxty jf 'zTApu^r i L , Ix^K,^ le^d t t!:=> ^DU'^'Wii i:i Lh'ri auL^'jaipd ny ± i ly 

E^rawings shall be indicated with like reference numerals and 
similar features as shown in alternate embodiments in the 
Drawings shall be indicated with similar reference numerals. 
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Peter rin(3 to Figs. '^A-o, an ap'paratus constructed 
acccrdmg to the princip'es of the present invention is shown. 

The present invention iricludes a switch element 100 (Figs BA- 
SS': wh._.i'h utilizes a sin'Ue pcdarizer 110 tc couple two 
discreet inputs to any combination of two <iiscreet outputs 
along n'ln-blO'iking optic:il paths. This switch element 100 may 
be ::er//enient ly networke--:i to additional switch elements 100 
for scaling ti' switches having larger numbers (N) of inputs 
and lutputs s.ch as snc^wn as switches 150 and 150' in Figs. 4- 
0. The present invenci'tn r'rcivides advantages typical iy 
dssoiiiated wi:h convent i "'na I polarization gates, in'::luding 
teraiiit per-second dita rates, to f^;cilitate use in fiber- 
optics networks. Mjre:'V-r, unlike convent i ^-n si ^'ptomect sni ca 1 
switrhes, the present Ln\'entitn is relatively ribus: and 
insensitive t: environmerital disturbances. Tne invention also 
provides a re ion f igura t i.^jn ti.me wnich is at least 
aopiozximatel)' an order t'l magnitude faster than ccnventional 
opt'imechanical switches which generally require tens :>f 
milliseconds for reconfiguration. Furthermore, tne present 
1 n ve 1 1 1 z. p r z v i uC s c i : ^ ^ u -^-i. „< u cu . u. ^.^ 1 1 -^ . i j — ■ ^. i ^ -.i 1 1 ^ 
":_at.ency", loss, and unskewed data output. The present 
invention alsz a dvantage zus ly provides fzr zonvenient scaling 
to a non-blocking NxN configuration using N(log2N-lj 2x2 
switzhes rather than conventional approaches whizh require 
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N(ioq:N) swit::hes, for a relatively simple and compact 
cc-nf igurat ion . 

Where asr;d m this disclosure, the term "optical" shall 
refer tc a de^-/i-:e cr pathway through a device adapted to 
channel electromagnetic energy. Similarly, the term "all- 
opti'oal" shall refer t-o a device or network, of devices adapted 
tc transmit or channel electromagnetic radiatioci therethrough 
wich'jut ccrr/erting the energy int :> c-ther types of si<gnals, 
such as electrical ji: elect rcinic signals. The terms 
"electr imagriet ic radiation" or "electromagnetic energy" shall 
refe^r t-: 3 series 'tf electromagnetic waves within tne 
eiecd; rom'3 :]net : r spectrum ranging from gamma rays to radio 
waves and including visible iight. The oerrr '*t ranspa rent" 
snail be :;e£ir.e:i as being :ap-able f permitting a signal to 
fl.jw tneret:hr :U'::h without substantially altering the phase or 
Polarity thereot. In aodi:i:Ti, as -^sed herein tne term 
"computer" ou: "computer sub-system" shall refer to any 
cimputer, computer workstat i-on, dedicated processor, 
microprocessor or dedicated micro-controller. 

apparatus of the present inventiO'n will be m^ore thc-ro-ughly 
oiescribei. As snown in Fig. 1, a prior art 4x4 switch based 
on a co>nventi onal 1x2 polarizatio^n gate, -oommonly kno-wn as the 
Fredkin 4x4 switch, includes seven polarizing beam splitters 
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22, 31X liqui:.i crystal phase shifters 24 and jther optical 

c-mf.:.ner,ts. This device may accept four input beams A, B, C 

and and steer them to any combination of output ports 1, 2, 

3 and 4. Routing for input A to the output ports is shown oy 

dc^tted lines J6. 

This architecture has several significant drawbacks. For 
example, NMN - l)/2 gates are required for an HxN 
interconnecti-n. For 16x16 switch this would require 120 
polarizers which disadvantageousiy would tend to make such a 
device expensive and bulky. Moreover, the optical pathways of 
this device are not non-blocking. Reconfiguration of the 
sys:em requires interruption and delay of one or more pathways 
cr channels to prevent two or more signals from simultaneously 
occupying the same channel. Additional optical elements would 
be required to provide contention-free (non-blocking) routing 
as w^U be discussed in greater detail hereinbelow. 

In addition, switch 20 has un-equal p-athlengtns between 
I/O. In other woras, the number of elements traversed by each 
inpui: beam t- various outputs is not equal. For example, a 
signal traveling from input A to output 4 would LXc^vei.c a 
longer path than a signal traveling from input A to output 2. 
Accordingly, equal intensity inputs will be attenuated 
oifferently oy the switch 20. The un-equal pathlengths also 
provide non-constant latency, leading to a skewed output data 
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stream. 

Furthermore, switch 20 is relatively difficult to scale 
up t:;- large numbers N of l./O and is difficult to implement in 
a compact size. Relatively long optical paths tend to amplify 
compijnent misalignment generated by environmental and 
mechanical pei turt>ations . 

Turning to Fig. 2, pric^r art switch 30 is a device 
comm:only known as the Fun itsu/E.ellcore switch described in an 
article by T. Vamamoto, J.S. Patel, and T. Nakagami, entitled 
'A multi-channei free-space optical switch using liquid 
crystal polarization control devices,' Proc. SP'IE, 1807, 345 

(1992) . As shown, this device employs polarizers 32, liquid 
crystal pnase shifters 34, quarter-wave plates 36 and beam 

displacing prisms 38. Routing of a signal from input A to all 

four possible output ports 1, 2, 3 and 4 is shown with dotted 

lines 39. 

This device may provide switching speeds of up to 1 
gigabit per-sec-:nd. However, similarly to switch 20 of Fig. 
1, switch 30 provides unequal pathlengths between I/O ports. 
Kany of the aforementioned drawbacks of switch 2 0 thus also 
pertain to switch ?.0, namely varying degrees of attenuation 
and non-constant latency leading to a skewed outpur data 
stream. In addition, switch 30 is relatively difficult to 
scale up to large M, since the 4x4 switch cannot be easily 
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used as a basic building block for cascading to a larger UxH 
device. A conplerely different physical layout for the 
co^mponents (the pclarizing oeam splitters and phase shifters, 
w-uld generally be required. 

Still furr.her, al::hough only eight phase shifters 34 are 
used in the 4x4 device snown, switch 30 requires several 
refractive prisms for beam displacement (three are required 
f ;r the 4x4 switch, and more would be needed for an &xS or 
Ihxlb device). Such complexity and lack of scalability make 
it a relatively unattractive candidate for high performance 
networ king . 

Turning now to Figs. 3A and 3B, the present inventL^n 
includes a 2x'l basic switch element luO which includes a 
polarizer IIC adapted to receive electromagnetic or optical 
energy incident thereon from at least two discreet input paths 
A and B and to transmit the energy along at least two discreet 
output paths 1 ano 2. In addition, an electrically actuatable 
phase shifter or 7r-cell 120 is disposed m each of the input 
paths A and B to pass the electrcaagnetic energy ther-through 
alternately with and without shifting the phase thereof. The 
polarizer 110 and phase shifter or 7t-cell 120 may be of any 
suitable construction such as, for example, those described m 
U.S. Patent Ho. 5, 459, 591, entitled ELECTF.OMAGMETIC EIIERGY 
BEAM STEERING DEVICES, issued on October 17, 1995 to Sadeg M. 
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Fans or as described in U.S. patent application Serial No. 
0o/7f,4 , 440 (tne '440 application) entitled FLAT PAKEL DISPLAY 
AND A METHOD OF FABRICATION THEPEFOR, filed on January lo, 
iqQ7 oy Sadeg M. Faris. Other potentially suitable polarizers 
lln „re those described in U.S. patent application Serial No. 
OH/807, 020 ::the '020 application), entitled POLARIZEF: DEVICES 
AND METHODS EOF MAKING THE SAME, filed on February 26, 1997 by 
Fan, et al. an:l those described in U.S. patent application 
Serial No. 09.'']5:,009 (the '909 application), entitled 
STRUCTURALLY ORDERED ARTICLES, FABPICATIOF METHOD A'.'D 
APPLICATIONS OF THE SAME, filed on September 11, 1996 by Fan, 
e: al. 

Briefly oescribed, polarizer 110 may comprise a 
conventional MacNiell-type polarizing reflector fabricateo as 
a quarter-wave film stack, a cholesteric liquid crystal film, 
ci an artificial inorganic reflecting polarizer. These 
devices operate in a known manner to selectively reflect light 
having a predetermined polarization state (e.g. vertical or 
"■--polai ized" light) and transmit the other polarization state 
(e.g. horizontal or "p-polarized" light). Similarly, 
polarizer 110 may be adapted to selectively reflect circularly 
polarized light (e.g. left-hand circularly polarized "LHCP" 
lignt) and transmit the other polarization state (e.g. right- 
hand circularly polarized "RHCP" light). Throughout this 
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disclosure, opposite polarization states, whether s or p :>r 

LHCP or RHCP light will be referred to simply as opposite 

polarization states PI and P2. 

The 7t-cell or phase shifter 120 is an electrically 

ccntroUable half-wave retarder. Typically, when no electric 
f^elQ IS applied to the cell it behaves as a half wave 
retarder. A beam having a polarization state Pi incident on 
tne phase shifter 120 is converted to a P2 polarized beam as 
it passes therethrough. When a predetermined electric 
potential is applied to the walls of the ;i-cell, the 
retaroation property of the cell is eliminated so that a Pi 
polarized beam maintains its state of polarization as it 

pass-s through the cell. 

In the prior art architectures shown and describeci with 
respect to Figs. 1 and 2, each switch element accepts only one 
xnput and can steer that mput to one of two possible outputs. 
The switcn element 100 of the present invention, however, 
advantageously utilizes the reciprocal nature of polarizer 110 
to accept at leasL lwu xh^'u^- v-^.^-^., 

sides of polarizer 110) and couple them to either of two 
discreet outputs 1 and 2 . Thus, switch element 100 fabricated 
as a square or cube as shown, effectively utilizes all four 
surfaces thereof for I/O, to provide a 2:.:2 switch element. 
The construction is relatively simple, compact and 

15 



Docket #11C]MI04 



'jptomechanically stat-le due to its solid state or monolithic 
C'Onf icurat ion . A blC'CK diagram of switch element ICO is sh-jwn 
in Fig. ?.B. 

'jperatim c-f tYie switch element 100 is as foll'jws. By 
c-envent ic-n^ energy incident along inciuts A and B is sp-ecified 
t'l' be of the PI piolarizati'in state. If phase shifters 12C are 
n-m-a St i vate :i, these beams at inputs A and B will pass th.r'ough 
tne switch t-j ciutp'Uts 1 ano 2, respectively. However, up(jn 
activati'in i-f the phase shifters, beams at inputs A and B ar'e 
omverte:! ti' the ?2 state, so thao each beam will be reflected 
ciy the C'jlarizer 110 to itutpuo pe-rts 2 an^l 1, resp'E'Ct ively . 
It5:ble 1 summarizes tr.e interc:cinnect ic^n uni:ler vari'j..s 
C'tndit ii ns . 



Table 1 



Both Phase Shifters 


Signal Routing 


'C'FF' 


Input A Output 1 
Input B Onitput 2 


'OU' 


Input A -I OMitput 2 

Input B ^ O-utp'Ut 1 



Thus, basic switch element 100 of the present inventi'in is a 
2x2 switch adapted for cijupling input A tC' either -jutp'Ut 1 or 
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2, and likewise, couple input B to optical output 1 or 2 as 
shown schematically in Fig. 3B. This basic switch element 100 
also may advantageously be further cascaded to larger MxM 
switches, such as ro a 4x'l switch shown in Fig. 4. 

Turning n:w to Fig. 4, four basic switch elements 100 are 
cascaded or interconnected using the logic shown to provide a 
4x4 switch 150. As shown, outputs from two switch elements 
100 (labeled « and p) becjme the incut signals for a second 
set of two 2x2 switch elements 100 (labeled y and 6). In this 
manner four inputs A, B, C and D can be routed to any 
comb:.natijn of four outputs 1, 2, 3 and 4. This 
mterconnectivn logic may oe implemented in physical hardware 
simply by routing the outputs from switch element (x to switch 
element y and o, and similarly routing the outputs of switch 
element (3. 

Examples of this implementation are shown in Figs. 5 and 
6. Turning to Fig. 5, four switching elements 100 m.ay be 
closely packed in a square arrangement to form 4x4 switch 
150', with routing fro^m input A to all four possible outpur 
ports 1 through 4 shown by dotted lines 152. This switch 150' 
follows the r:.uting logic diagram of Fig. 4, as one of the 
outputs from ::ube a becomes an input to cube y, and the other 
infut from a. becomes an input to cube 6, etc. Advantageously, 
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this 4x4 switch 150' provides constant pathlengths 
therethrough to provide constant latency and constant loss for 
all possible routing paths. Each input beam passes through 
only two polarizers 110 and two phase shifters 120 for all 
input 'output permutations. Moreover, switch 150' provides a 
compact size and may conveniently accommodate a "duplex" 
(paired) fiber-optic connection, as each side of the switch 
has one set of spatially parallel I/O ports. The switch 
element 150' may be provided with conventional fiber-optic 
conno-ctors to facilitate modular construction of larger flxN 
switches, such as in the manner described hereinbelow, using 
fibet-optic rather than free-space interconnection. This 
modular approach facilitates flexible reconfiguration (i.e., 
for different K] , manageable serviceability and simplified 
implementation of redundancy. 

Turning new to Fig. 6, another embodiment of 4x4 switch 
150 IS shown as switch 150". In this embodiment, the four 
basic switch elements 100, shown as a,p,Y and d are arranged 
in . cornpr t,-, corner or diamond pattern as shown. To satisfy 
the routing requirements of Fig. 4, this switch 150" includes 
a mirror 154 disposed at opposite ends of the switch. These 
mirrors may be fabricatea as silvered prisms to facilitate 

lithic or solid state construction. Routing from input A 
11 possible output ports is shown by dotted lines 154. 



mcinc 
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The loqic of Fig. 4 is satisfied. For example, energy input 
to oube a may be channeled directly to cube 8, or may reflect 
off one of the mirrors 154 towards switch element Y- This 
arrangement thus provides a non-blocking, contention free 4x4 
switch using only four polarizers IIC. 

Switch 150" provides the advantage of being easily 
scalable to high-!! networks m a substantially solid state 
manner, i.e. without the need for fiber-optic cabling between 
elem.ents, etc. Moreover, this 4x4 switch 150" may serve as a 
basic building blocK for a number of architectures known to 
those skilled m the art of switching devices, including 
Benes, shuffle-exchange, omega, PM2I and others. 

As shown in Fig. 4x4 switches 150 may be 
interconne:ted utilizing the Benes architecture to form an &x8 
interconnect switch 250. The requirements of the Benes logic 
include coupling switch to switch a, and y^, coupling switch 
P, to switch P: and 6,, and so on, as snown. Tracing paths 
through this system sho.w that signals from input A may be 
routed to any one of the eight output ports 1-3. Th.o switch 
250 thus satisfies the logic requirements of the Benes 
network, and therefore may employ a well known routing 
algorithm to selectively activate the .-cells 120 to switch 
rhe tl inputs to any combination of U outputs as will be 
discussed in greater detail hereinbelow. Furthermore, this 
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xnplenentation is scalable to an NxN switch using 4x4 switch 
150 as the fundamental, repeating element. 

Turning to Fig. 8, a hardware implementation of Benes 
switch .150 is shown as switch :,:50'. As shown, this 
xnplemer.tation utilizes four 4:.:4 switch elements 150" and two 
extra pairs of mirrors 254. Advantageously, this switch 250' 
of the present invention provides contention-free routing of N 
signals using 1! fewer 2x2 switches than prior art 
configurations. En this regard, it is generally acknowledged 
that to provide contention-free routing it is necessary to 
employ N(log: V.) 2x2 switches. The switch 250' of the present 
invention, however, requires only 

uaoq, II - 1) .".x^ switches. Tnis substantial improvement is 
provided by tne all-optical nature of switch 250' and the 
af:.rementioneo use of a single polarizer 110 to switch a pair 
,,f inputs rather than using a separate polarizer 110 for each 
input . 

As mentioned hereinabove, m a conventional switch, 
contpntion results when two signals attempt to take the same 
path. Since such paths may acco^mmodate only one signal at a 
time, one signal must "wait" until the path is free before it 
can be routed. Contentions make routing algorithms r^.latively 
complicated, and decrease the performance of the network to 
which the switch is coupled. The all-optical switch of the 
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present invention advantageously enables two signals to share 
the sa.e path between any two nodes or signal intersections, 
unlike electronic signals, optica, signals have two orthogonal 
states I.e., polarizations PI and P2, which may occupy the 
same path, remain distinct, and not interfere with one 
anotner. In the implementations of the present invention, 
after sharing a path, the two signals will automatically split 
when they encounter the next polari.er 110, ensuring that in 
the event a path is shared, the path will only be shared for a 
si:.gle segment (i.e., for a single 2x2 switch). 

This Benes network architecture thus provides contention- 
free routing, constant latency, uniiorm transmission f r r each 

i.Kniif./ etc H^-wever, additional embodim.ents 
channel and scalability, etc. n.w,, 

of the present invention are described hereinbelow which 
advantageously eliminate the need for several mirrors 254 to 
further simplify the present invention. 

Turning now to Fig. 9, an alternate embodiment of the 
p,esent invention is shown as 8x3 switch 350. This switch 

, o,rn- .rrhitecture having a slightly different 
routing logic from the Benes network of Fig. 7, while 
retaining the ability to route 11 signals in a contention-free 
manner, with constant latency and constant attenuation. 

A hardware implem.entation of switch 350 according to the 
present invention is shown as swit:h 350' m Fig. 10. As 
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shewn, thxs ..Pleaentat.on .s s..lla. swUcn whxl. 
3„,tch 35.V satisfies its routing l-,!.. r.quir,«nts with 
f„„.i .iti-ots than switch 2.0'. Sianal routxn, .etw.en input 
. and ali eight possible ontput potts is shown by dotted lines 
35f,. 3„it.-h 350' advantageously utilizes fewer mirrors to 

1 X, ■ ^- R^^-r*^^. architecture 

reauce manufacturing ccsts relative t. th. B.n,. 

of swrtch .50'. Koreover, tnrs switch 350' provides a more 

compact design which facilitates scaling to higher M values, 

s.nce mirrors required for tne Bene, switch 250' tend to 

,,,,.,ase the width of the device relative to sw.tch 350'. 

Thus, ad^'antage.usly, m addition to allowing for full 

contention-free routing with constant latency and uniform 

less, switch 350' may be conveniently monolithically 

. , c^tn^P devi'^--'. Moreover, switch 

constructed as a single s.did sta... oev]... 

3,0' achieves its full contention-free routing witn only 
iniog, N - I elements. Loss and crosstalk are uniform and 
relatively low, and well known routing algorithms may be 
utilized as will be discussed herembelow. 

1 =..v-,i..c^ures of the present invent:on have 

Wlix J.-i; V 

been shown, it should be understood that one sUUed m the 
art after stuoying the present invention, r.ay apply the 
indention to other architeotures without departing fro. the 
spirit and scope of the present r:we„tio.n. One e.a»ple of 
suoh an other architecture includes a conventional shuffle- 
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exchanqe 4x4 .ntercnnect shown as switch 450 in Fig. U- A 
.a.aware x.pl..entat.on of sw.tch 450 acceding to the present 
invention is shown as switch 450' in Fig. 12. 

AS mentioned hereinabove, the aforementioned switch of 
the present invention m,ay be scaled to higher numbers tl of 
input and output channels. For example, as shown m Fig. 13, 
the Eenes architecture of F.g. 8 may be scaled to a 16x16 
switch 550'. All of the architectures of the present 
invention may be similarly scaled to 16x16, 32x32, 64x64 or 
greater NxN architectures. Scaling the switch m this manner 
preserves the characteristics of the present invention of 
constant laten:y, loss and crosstalk, etc. 

Turning now to Fig. 14, any of the aforementioned 
switches 150, 150', 150", 250, 250', 350, 350', 450, 450', 
550', etc., may be incorporated into an interconnect system 
6,;r,. AS snown, intero.nnect system 600 is preferably a 
computer implem.ented device including a program module 610 
which includes a computer usable medium having computer 

, or instructions embodied therein. The 

program code includes any of various conventional routing 
algorithms as discussed hereinabove. The program moaule is 
disposed in communication with a controller 612 adapted to 
operate m a conventional manner to control access to the 
program module 610 by the computer sub-system (not shown) . 
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controller ^-^2 is disposed in communication with a driver 614 
which operates m a conventional manner tc interface with the 
switch 150, 155', etc. Driver .14 may comprise a hardware 
device or, preferably, may be implemented in software as a 
software module. Program module 610, controller 612 and 
driver 614 thus comprise control means adapted to operate the 
N.N switches for routing signals between each input and output 
port as shown and described hereinabove. 

The switches of the present invention may be manufactured 
xn any suitable m.anner, including but n:.t limited to, the 
fabrication methods disclosed m the above referenced '440 
applicaticn, and other techniques including photolithographic 
masking and etching techniques commonly used in the 
semiconductor fabrication industry. 

The forgoing description is intended primarily for 
purposes of illustration. Although the invention nas been 
shown and described with respect to an exemplary embodiment 
thereof, it should be understood by those skilled m the art 
, .,-,....i.n .nd various other changes, omissions, and 

addx.i.ns in the torn and detail thereof may be made therein 
„Uh:.ut departing from the sp.rrt and scope of the rnventron. 

Having thus described the Invention, what is claimed is: 
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